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High-resolution geochemical analyses of organic-rich shale and carbonate through the 2500 million-year-old Mount McRae Shale in the Hamersley Basin of northwestern Australia record changes in both the oxidation state of the surface ocean and the atmospheric composition. The Mount McRae record of sulfur isotopes captures the widespread and possibly permanent activation of the oxidative sulfur cycle for perhaps the first time in Earth's history. The correlation of the time-series sulfur isotope signals in northwestern Australia with equivalent strata from South Africa suggests that changes in the exogenic sulfur cycle recorded in marine sediments were global in scope and were linked to atmospheric evolution. The data suggest that oxygenation of the surface ocean preceded pervasive and persistent atmospheric oxygenation by 50 million years or more.
T he history of Earth-surface oxygenation is written in the geological record of redox-sensitive elements preserved in ancient sediments. The discovery of large nonmass-dependent (NMD) S isotope anomalies in Archean and the earliest Paleoproterozoic sediments are believed to record changes in atmospheric O 2 levels, as these result from photochemical reactions in a low O 2 atmosphere (1-4). To document temporal changes in the magnitude of these isotope excursions, we focused on high stratigraphic resolution analyses of organic-rich shale and carbonate from a recently drilled scientific core (5) through thẽ 2500 million-year-old Mount McRae Shale of northwestern Australia. Previous studies of the Mount McRae Shale identified abundant 2-a methyl hopanoids (6) , produced by cyanobacteria that most likely generated O 2 , as well as eukaryotic sterols (7) , which are biomolecules that require O 2 for their synthesis (8) . We investigated the time-series history of elemental and isotope variations through the succession and interpreted the upper half of the formation as capturing the oxygenation of the terminal Archean surface ocean and biosphere, a result further supported by a companion trace-metals study (9) .
In the present study, a modified online combustion method (5, 10) for rapid analysis of whole-rock S and a high-precision fluorination technique for analysis of chemically extracted sulfide S were applied to samples from the core. We used unprecedented, high-resolution records (d C compositions of carbonate and organic matter to address the cause(s) of fluctuation in NMD effects preserved in these ancient sediments. These results were compared to a previous study of the Mount McRae Shale (11) and to new S isotope data from the stratigraphically equivalent Gamohaan and Kuruman Iron formations in South Africa (12) (13) (14) to evaluate the spatial extent of the interpreted events.
The Mount McRae Shale core intersects laminated and well-preserved sediments that accumulated in a marine environment below the wave base. A regional sequence analysis (15) indicates the presence of two depositional cycles; each sequence starts in carbonate or siliciclastic turbidite or breccia and deepens upwards to either pelagic shale or banded iron-formation (Fig. 1) . The succession has experienced only mild regional metamorphism (prehnite-pumpellyite facies to <300°C) and minimal deformation (gentle folding to dips <5°) (16) . Radiometric age constraints place the Mount McRae Shale very near the Archean/ Proterozoic boundary (~2500 million years old) (9) and just before the disappearance of large NMD effects that are inferred to mark the rise in atmospheric O 2 (1) (2) (3) 17) .
Geochemical data from the Mount McRae Shale (Fig. 1) S) between their core and ours, presently 300 km apart, points to a basin-scale phenomenon linked through atmospheric inputs (20). However, rapid bed-to-bed (or even within bed) variability and small differences in the magnitude of the positive D 33 S excursion probably reflect local controls related to variable mixing of S from distinct surface reservoirs, including the deep and shallow ocean as well as terrestrial environments.
As noted above, the upper half of the Mount McRae Shale, which is dominated by turbidites of carbonate and shale that accumulated below the storm wave base, is characterized by sulfides with negative d S values of these sulfides imply microbial sulfate reduction with larger isotopic fractionations, which may reflect sulfate reduction in the water column (21) , possibly coupled with rising sulfate concentrations (22) . This interpretation is consistent with the high organic C contents in sediments above 153 m in the core, which are plausibly linked to high rates of primary productivity that released oxidants into the shallow marine environment. On the other hand, the positive D
In the late Archean oceans, O 2 would accumulate in highly productive regions along continental margins and perhaps to a lesser degree in distal settings, where nutrient levels were high enough to stimulate oxygenic photosynthesis. Possible explanations to account for the isotopic observations above 153 m include elemental S reducers capable of producing large 34 S depletions (an unlikely scenario given the small redox change associated with this metabolic pathway) or the activation of microbial disproportionation reactions (24) . Because the former are currently unknown and the latter are not clearly evident until the mid-Proterozoic (25), we suggest an alternative solution related to increases in O 2 initiated during the productivity event recorded in the core above 153 m. Inorganic S oxidation generally requires high levels of dissolved O 2 , whereas microbial S oxidation, which is thought to be ancient in origin, would proceed at lower (or absent) O 2 concentrations but still would require an electron acceptor to drive phototrophic oxidation. In either case, the magnitude of isotopic fractionation associated with oxidation is small (26) S composition) and the mechanism for its sink into sediments. Low Archean atmospheric O 2 levels would generally limit oxidative weathering, the principal source of sulfate to the modern oceans. With rising atmospheric O 2 levels, however, some metals and associated S from terrestrial sources may have been released to the shallow marine environment (9), but contributions from juvenile S (D If the change in atmospheric composition suggested above is real, we expect the signal to be widespread in nature. To test this prediction, we have undertaken S isotope analyses of samples from the broadly equivalent Transvaal Basin in South Africa. The studied South African core intersects the Gamohaan and Kuruman Iron Formations (5, 12, 13, 36), which record similar lithologic transitions to those observed in northwestern Australia. Although it is possible that these two successions (now over 8000 km apart) accumulated along the margins of a contiguous ocean basin, palinspastic reconstruction (37) of the two subbasins on the basis of existing outcrop area suggests that the core locations were at least 1000 km apart when the sediments accumulated.
The similarity in S isotope records between the South African and Australian sediments is pronounced (Fig. 2) . The correlation between these widely separated basins strongly supports the spatially pervasive character of D S relations. However, the independent trace-metal evidence (9) and lower stability of methane under oxidizing conditions point to an increasingly important role for O 2 in surface environments.
We interpret our data from Western Australia and South Africa to suggest a progressive oxygenation of the Archean biosphere. This conclusion is in accord with the tracemetal data (9) , which similarly suggest the onset of oxidative processes. Combined, these time-series records of mineralogic, elemental, and S isotopic change provide clues to coupled changes in the redox state of the shallow ocean (largely before the atmosphere became oxygenated) in relation to biological innovation before the Archean/Proterozoic boundary, including the oldest evidence for an active and globally distributed oxidative S cycle. (1-4, 17) . The principal source of S in the Archean atmosphere was volcanic (although biogenic sources may have also existed). Gas-phase photochemistry involving sulfur dioxide or sulfur monoxide has been shown in closed-cell photochemical experiments (2) to result in NMD sulfate (SO 4 2-; with negative, and in some cases positive, D Ultimately, the balance of sources and sinks maintained generally low sulfate concentrations that allowed for spatial isotopic heterogeneities.
